Background: Drug-resistance genes found in human bacterial pathogens are increasingly recognized in saprophytic Gram-negative bacteria (GNB) from environmental sources. The clinical implication of such environmental GNBs is unknown.
iNtRODUctiON
In 2013, the Centers for Disease Control and Prevention released a report "Antibiotic Resistance in the United States, 2013" that classified groups of drug-resistant microorganisms into "urgent threat, " "serious threat," and "concerning threat" pathogens (1) . Drug-resistant Gram-negative bacterial (GNB) pathogens comprised 2 of the 3 "urgent threat" pathogens and 7 of 12 "serious threat" pathogens (1) . GNBs cause about one-third of healthcare-associated (HCA) infections in the United States, and the proportion of multidrug-resistant and non-fermentative organisms (Pseudomonas aeruginosa, Acinetobacter baumannii) causing these infections has increased dramatically in the last 20 years, according to the National Healthcare Safety Network (NHSN) surveys (2) . While still relatively low in most hospitals in the United States, multidrug-resistant Acinetobacter bau mannii, an environmental saprophyte, has become endemic in healthcare settings in several Latin American countries, and has surpassed P. aeruginosa as the most common non-fermentative GNB in such settings (3) . The progressive increase in drug resistance and new species of GNBs causing HCA infections may represent an evolution in drug-resistant GNB infections that may profoundly affect the future landscape of epidemiology and clinical management of such infections in the healthcare environment globally.
Most of the new antimicrobial drug-resistance mechanisms discovered during the last 20 years have been those found in GNBs (4) (5) (6) (7) (8) (9) (10) (11) . In 2011, Raphael et al. reported identification of a variety of saprophytic GNB species on retail spinach that were resistant to antimicrobial agents commonly used in clinical settings (12) . Twelve of 20 species found on spinach expressed extended-spectrum β-lactamases (ESBLs), based on their resistance to ceftazidime and cefotaxime (12) . Two strains of Pseudomonas putida and one strain of Pseudomonas teessidea contained blaCTX-M-15, the most common ESBL gene distributed globally and carried frequently by the most common pandemic extraintestinal pathogenic E. coli (ExPEC) lineage ST131 (13) (14) (15) (16) (17) . They suggested that environmental saprophytes may serve as a reservoir for some of the common drug-resistance genes found in human GNB pathogens (12) .
Saprophytes are environmental microorganisms that survive on dead organic matter. While no pathogenic GNB organisms were found on spinach in the above study, we were concerned that a large proportion of these saprophytic organisms were drug resistant. We wished to know whether saprophytic GNBs that carry recognized drug-resistance genes cause human infections. After all, pathogenic GNBs, such as K. pneumoniae, P. aerugi nosa, and Acinetobacter spp., are environmental GNB organisms. Here, we conducted a systematic bibliographic search of human infections caused by well-recognized environmental saprophytic GNB species. We present our review results and suggest that these saprophytic GNB may represent a harbinger of the next phase of the evolution of GNB infections, especially in healthcare settings.
metHODS

Data Sources and Searches
We followed the guideline outlined in the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) to conduct this review (Figure 1) . Using the names of GNB species listed in Table 1 as search terms, we queried PubMed for abstracts and full-length articles that were published in English, French, and Spanish between January 2006 and July 2014. The selected GNB species were based on those frequently found on retail spinach in a previous report (1) . If more than 200 articles appeared for one species, the term "infections" was added to the search. In certain cases, the term "human infections" or "hospital infection" was added. If an organism was not reported as a cause of human infection after 2006, the search was widened to include articles published before 2006.
Study Selection
We first identified 1,350 abstracts. After duplicates were removed, we reviewed 1,275 abstracts (Figure 1) . We excluded for analysis abstracts, as well as reviews and microbiology papers that did not include human clinical data, or articles that described only episodes of colonization, laboratory contamination, or pseudoinfection (e.g., line or catheter contamination). Full-text articles were not available for 67 of these abstracts. We identified 355 abstracts after exclusion and obtained full-text articles for 288 of them. Of the full-text articles, 37 were excluded further due to incomplete GNB speciation and non-standard microbiologic test procedures reported in the articles. We, thus, included 251 articles for this review (18-76, 78-103, 105-245, 247-246) ; of these, 124 were case series reports and 127 were hospital microbiologic survey reports.
Data extraction
We analyzed the selected articles for the GNB species implicated as causative agents of infections that were most commonly reported among the articles-blood stream infection (BSI), urinary tract infection (UTI), skin and soft tissue infection (SSTI), post-surgical infection (PSI), osteomyelitis (Osteo), and pneumonia (PNA). Other reported infections were grouped under the "other" category. The reports were also reviewed for descriptions of mortality, comorbidity, as well as healthcare interventions associated with the above infectious disease episodes. Finally, we reviewed microbiologic reports that accompanied these articles for drug-susceptibility test results as well as genetic analyses of drug-resistance determinants.
Quality assessment
To assure search completeness and reproducibility of our findings, we conducted the same search described above on three different occasions-in 2011, 2013, and 2015. We included articles only from peer-reviewed journals. We reviewed in detail the descriptions of microbiologic test procedures used to detect and identify the implicated GNB species. We also examined the descriptions of drug-susceptibility test procedures to ascertain their standardization. Both authors ER and LR independently reviewed the quantitative data analysis results obtained from examination of these 251 articles.
Data Synthesis and analysis
We first quantified the type and number of GNB species implicated in infections reported in the 251 selected articles. We then examined the frequencies of GNB species associated with the six most common infections described in the articles, separated by case series and hospital survey studies, reported from different regions of the world. We compared mortality and comorbidities associated with each of these infections and assessed unusual events that were described to trigger these infectious disease episodes. We then analyzed the microbiologic data, which included antimicrobial drug-susceptibility test results and PCR-based and nucleic acid sequence-based detection of drugresistance genes.
ReSULtS
A previous study identified 20 distinct saprophytic GNB species among 231 randomly selected colonies cultured on MacConkey agar plates from 25 batches of retail spinach rinsates (12) . Here, these 20 species were queried in the bibliographic search engines. Thirteen of these species were reported to cause human infections in the reviewed literature ( Table 1) . We identified 175 cases described in 124 separate case report series. From 127 hospital microbiology surveys, 7,671 isolates from infected subjects were reported. These infections were reported from 48 countries. The most commonly reported GNB species was Enterobacter aero genes. E. aerogenes together with Pantoea agglomerans (formerly Enterobacter agglomerans) and Pseudomonas putida together comprised more than half of the reported cases of infection caused by these saprophytic GNBs.
The most commonly isolated GNB species reported from 127 hospital-based microbiologic surveys was also Enterobacter aerogenes; 7,498 E. aerogenes isolates from 87 separate hospital surveys were reported ( Table 1 ). In both case series and hospital survey reports, the most common GNB species were identical-E. aerogenes, P. putida, P. agglomerans, and E. asburiae.
The bibliographic search identified 674 individuals who were diagnosed with infection caused by the 13 GNB species. These saprophytes caused a wide spectrum of infections ( Table 2) . They were isolated from 443 patients with BSI, 48 patients with SSTI, 36 patients with UTI, 28 patients with PSI, 21 patients with PNA, 16 patients with Osteo, and 82 with other infections. In addition to blood, urine, skin and soft tissue, surgical wounds, bone, and lungs, these GNB species were isolated from many other body sites such as the peritoneum, eyes, and the central nervous system (Table S1 in Supplemental Material).
The most frequently isolated GNB species cultured from blood were E. aerogenes (232 cases), P. putida (98 cases), and P. agglomerans (67 cases). They were responsible for 89% of the BSI cases caused by the 13 saprophytic GNB species. Mortality from BSI associated with these organisms was 12, 14, and 18%, respectively. All of the patients with BSI, except 4, had comorbidities or underlying medical problems ( Table 3 and supplemental table) . The most common comorbidities associated with E. aerogenes BSI were cancer (35 cases), biliary disease (21 cases), acute respiratory distress syndrome (ARDS) (10 cases), premature birth (10 cases), and diabetes (9 cases). Many of these patients had an invasive procedure, chemotherapy, or immunosuppressive drugs within 14 days of the bacteremia. Of these BSI cases, 49 were reported as nosocomial infections.
The most common comorbidity associated with P. putida BSI were solid (31 cases) and hematologic (7 cases) malignancies ( Table 3 and supplemental table) . Contaminated central venous catheter (CVC), catheter lock infused with heparin, and other short-term intravascular devices were implicated with BSI in a large proportion of these patients ( Table 4 and supplemental  table) .
Patients with P. agglomerans BSI also had a wide variety of underlying medical conditions and comorbidities, but no single group of comorbidity, such as cancer, was predominant, as they were with E. aerogenes and P. putida BSI ( Table 3 and supplemental table) . Contaminated CVCs, however, were commonly associated with BSI in this group also ( Table 4 and supplemental  table) .
Interestingly, the frequency of types of infection varied according to GNB species. As described above, more than 80% of BSIs were caused by just three of the saprophytic GNBs-E. aerogenes, P. putida, and P. agglomerans. On the other hand, just two species-P. agglomerans (25 cases) and Enterobacter asburiae (10 cases)-accounted for 73% of the 48 SSTI cases. More than half of the 36 UTI cases were caused by E. asburiae. E. asburiae (10 cases) and P. putida (7 cases) were associated with 81% of the 21 PNA cases, while P. putida accounted for 54% of the 28 PSI patients. The most commonly reported species E. aerogenes was not associated with any PNAs and it was isolated from only three cases of PSI and from seven UTI cases.
A few of these infections were triggered by accidental or atypical events ( Table 5 ). E. amnigenus, E. asburiae and P. putida, P. agglomerans, Rhizobium spp., and S. fonticola infections were reported from six individuals involved in motor vehicle accidents (MVA) (129, 133, 143, 200, 249, 260) . Three cases of P. agglomerans infections were attributed to (1) Hickman catheter contaminated with water from botanical garden (160), (2) puncture wound involving date palm tree thorn (70, 167) , and (3) plant-product splinters (70, 167) . One case of P. ananatis infection followed an ocular trauma with a rice husk (193) . A case of Serratia fonticola infection resulted from a bear bite (258) ( Table 5) .
The isolates from the reported human infections exhibited a large repertoire of antimicrobial drug resistance ( Table 6 ). In addition to resistance to earlier generation beta-lactam drugs, there were E. aerogenes, E. amnigenus, E. ludwigii, and P. agglomerans strains that were resistant to extended-spectrum beta-lactam drugs mediated by CTX-M, TEM, SHV, and OXA. Some of the E. aerogenes, E. amnigenus, E. asburiae, and P. putida strains expressed carbapenem resistance encoded by blaKPC and blaVIM. E. aerogenes and P. putida were the only GNB species that expressed IMP-1, a metallo-beta-lactamase, first described in Serratia marcescens in Japan (9), also found in Pseudomonas aeruginosa causing human infections (11) . Other infections In addition to expressing beta-lactamases, these GNB species expressed resistance to many other classes of antimicrobial agents, including trimethoprim-sulfamethoxazole, aminoglycosides, fluoroquinolones, polymyxin, tetracyclines, rifampicin, macrolides, and chloramphenicol. Many of these resistance phenotypes were encoded by genes on mobile elements, including plasmids and integrons (Table 6) .
Pantoea/Enterobacter agglomerans
Interestingly, some types of drug resistance co-segregated with GNB species. No ESBLs (CTX-M, SHV, TEM) were reported to be expressed by any of the P. putida strains, while few species other than P. putida expressed IMP metallo-beta-lactamases.
DiScUSSiON
The bibliographic search covering a period from the 1990s to 2014 revealed that human infections caused by saprophytic GNB found in the environment are not uncommon. Of course, exact sources of these saprophytes that caused the infections cannot be garnered from this type of review. These 20 GNB species were targeted for this review because they were frequently found on retail spinach, which are exposed to such species environmentally.
This search most likely underestimates the true incidence since such infections are not routinely and easily diagnosed in most hospitals. An isolation of a saprophyte from a clinical sample may be discounted as a contaminant. Nevertheless, the analyses of the reports reveal several common features of these infections: (1) they are distributed worldwide, (2) they occur almost exclusively in people with underlying comorbidities or HCA interventions who come into contact with environmental sources, (3) each GNB species has a distinct predilection for a site of infection, (4) they exhibit a wide spectrum of antimicrobial drug resistance, (5) they harbor drug-resistance genes identical to those commonly carried by recognized or primary human bacterial pathogens, and (6) drug-resistance gene types co-segregate with specific GNB saprophytic species.
Both case series and hospital microbiology surveys have shown that the most commonly reported GNB species was Enterobacter aerogenes ( Table 1) . It was most frequently associated with BSI. Its high frequency worldwide could classify this bacterial species as an opportunistic pathogen rather than a saprophyte, similar to the way Acinetobacter baumannii, also an environmental GNB, has come to be considered an opportunistic pathogen. It was the 12th most common BSI GNB isolate in a recent study from a public hospital in San Francisco (269) .
Another Enterobacter spp., E. absuriae was the most common cause of UTI and PNA among the 13 saprophytic GNB species. The UTI was associated with prostate cancer in one patient (142) , and patients with PNA had other underlying medical conditions, including cachexia and possible HIV infection (137) . The Enterobacter spp. are environmental saprophytes. Why this particular Enterobacter spp. and not others are associated with UTI and PNA is not known. Furthermore, no infections were reported to be caused by 7 of the 20 saprophytic species ( Table 1) .
One major concern with these GNB organisms is their association with HCA infections. These organisms carry drug-resistance genes typically found in human primary GNB pathogens. In fact, two of these species-E. aerogenes and Pantoea agglomerans -carried the most common and globally distributed ESBL gene blaCTX-M-15, found in the most common pandemic ExPEC lineage ST131 (17, 270) . Other studies have found drug-resistance genes harbored by bacterial pathogens in environmental saprophytic organisms (12, 271, 272) . Although we found no evidence that such drug-resistance genes are transferred from these saprophytes to GNB pathogens, they appear to be more ubiquitous across saprophytes than previously recognized.
There are several limitations to this type of bibliographic search. Quantitative comparison of the GNB species and their frequency of infections and associations with comorbidities or medical interventions could not be accurately performed, since not all reports included comparable data. Systematic or population-based surveys of these GNB organisms have not been conducted in many places, so our summary of the frequencies of the species and their association with infections could have been biased by a small number of reports. Nevertheless, the search has shown that these saprophytic GNB do cause infections, particularly in people with comorbidities, and that they harbor a large repertoire of drug-resistance genes.
Acinetobacter baumannii, which first began to appear in hospitals worldwide in the 1970s (273, 274) , has recently become the most common non-fermentative HCA pathogen in many hospitals in Latin America, surpassing P. aeruginosa (3) . In the United States, it accounts for about 3% of HCA infections, 
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and is currently the second most common non-fermentative organism after P. aeruginosa in most hospitals (2) . GNB have been a frequent cause of HCA infections for many decades, but the proportion of such infections caused by multidrugresistant strains and new species have steadily increased in the last 20 years worldwide. It is possible that the same factors that facilitated the first appearance and subsequent endemicity of A. baumannii in healthcare institutions could contribute to the introduction and establishment of other environmental saprophytic GNB into hospitals. With ever-expanding use of immunosuppressive drugs and biologics, invasive procedures, and increased prevalence of patients with chronic medical conditions as well as advanced age, these saprophytic GNB infections are likely to increase. Hospitals need to be prepared to detect these organisms, especially in infections in which recognized pathogens are not recovered. This work also sheds light on the role of antibiotics used in animal husbandry. Such use can select for antimicrobial drug resistance in commensal bacteria in animal intestines as well as in saprophytes in the environment with ramifications for human health as demonstrated by this study.
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